Study Design: Retrospective cohort study.
Introduction
Surgical management of adult spinal deformities involving long posterior fusion remains a substantial challenge due to the high incidence of proximal junctional kyphosis (PJK) 1,2 and pseudarthrosis, 3, 4 particularly at the L5-S1 junction. To prevent these clinically relevant complications, several efforts have been made. First, risk factors for PJK have been extensively discussed in the literature, such as overcorrection of kyphotic deformities 5, 6 or lumbar lordosis (LL), 7 combined anterior and posterior spinal fusion, 8 fusion to the sacrum, 9 selection of the uppermost instrumented vertebra (UIV), 2 and disruption of posterior proximal intervertebral elements. 10, 11 In light of these risk factors, a wide variety of treatment strategies have been explored, such as vertebral cement augmentation, [12] [13] [14] [15] dynamic spine stabilization, 16 and minimally invasive instrumentation placement. 17 To prevent pseudarthrosis, use of iliac screws (IS) for long-segment fusion ending at the sacrum or other pelvic fixation techniques such as the Galveston technique, 18 use of bone morphogenetic protein-2 (BMP-2), 19 and simultaneous or subsequent L5-S1 interbody fusion 20 have been reported in the literature.
Meanwhile, the S2-alar-iliac (S2AI) technique, originally described in 2007 by Sponseller 21 and Kebaish, 22 has been investigated as an alternative pelvic fixation method. [23] [24] [25] [26] [27] [28] [29] This technique has several theoretical advantages over the IS technique in that its insertion point is deeper than the IS technique and offset use is not usually required, as the entry point of an S2AI screw is usually in line with the S1 pedicle screws. 30 According to prior retrospective, comparative studies, these theoretical merits have proven to be valid in actual clinical practice. For instance, Shabtai et al 31 reported that the S2AI group had a lower rate of implant failure and less surgical revisions due to screw prominence, and Mazur et al 27 and Elder et al 32 found that use of the S2AI technique over the IS technique was independently protective of reoperation.
However, in spite of emerging clinical evidence demonstrating the advantages of S2AI screws, little is known about their influence on spinopelvic parameters and their effect on the proximal junction of the construct. To the best of our knowledge, only one prior study by Sponseller et al 29 compared the S2AI technique with the IS technique, finding that the S2AI technique produced significantly better correction of pelvic obliquity but not improved coronal Cobb angle correction. Therefore, the objective of this study was to compare the S2AI technique with the IS technique in adult spinal deformity patients in terms of clinical and radiographical outcomes, focusing on postoperative changes in spinopelvic parameters and trends in PJK.
Materials and Methods

Patient Population
This study was conducted under an institutional review boardapproved protocol (NA_00038491). From October, 2010, to February, 2015, 113 patients with the diagnosis of adult spinal deformity underwent deformity correction surgery involving sacropelvic instrumentation with ISs or S2AI screws, either as primary surgery or revision surgery, at a single institution. Patients were followed for more than 1 year with pre-and postoperative standing scoliosis radiographs depicting coronal plane alignment, and sagittal plane alignment. Spinopelvic parameters were measured pre-and postoperatively. Patients who had undergone resection of tumors of the spinal column as well as sacropelvic reconstruction with pelvic screw insertion and then subsequently developed spinal deformities were excluded as the difference in biomechanical strength could have affected clinical outcomes. Following application of these inclusion and exclusion criteria, a total of 63 patients, with 17 in the IS group and 46 in the S2AI group, were included in this study. From October 2010 to December 2013, S2AI screws and ISs were equally selected based on surgeons' preference, but from January 2014 to February 2015, S2AIs were preferentially utilized unless there were any contraindications, such as prior history of high sacrectomy or sacral trauma, since we were aware of the improved clinical outcomes via the S2AI technique.
Surgical Procedure
All procedures were performed via an open posterior approach, and the joint capsule at the UIV was left intact. The S2AI technique was well established in our department approximately in 2012. Therefore, ISs were preferentially selected over the periods from 2010 to 2012 and S2AI instrumentation was favored from 2012 to 2015. The detailed procedures for the IS technique and the S2AI screw technique have been described previously. 30, 33, 34 Patients required deformity correction via Smith-Peterson osteotomies or pedicle subtraction osteotomies. Anterior lumbar interbody fusion (ALIF), posterior lumbar interbody fusion (PLIF), or transforaminal lumbar interbody fusion (TLIF) were supplementally performed in some patients, 19, 37, 38 depending on prior history of abdominal surgeries and irradiation, comorbidities, and surgeons' preference. BMP-2 (INFUSE, Medtronic, Minneapolis, MN, USA) was used off-label for posterolateral fusion in some cases. Cement vertebroplasty at the UIV and/or UIVþ1 (off-label) were also used in some cases based on surgeons' preference.
Patient Data
Baseline characteristics including age at surgery, sex, body mass index (BMI), history of smoking, osteoporosis or osteopenia, prior history of lumbosacral surgery, preoperative diagnosis, and symptoms at initial presentation were collected. Operative data, including operated levels, number of surgical stages, total operative time, total estimated blood loss (EBL), L5-S1 interbody fusion (ALIF, PLIF, or TLIF), osteotomies utilized, total BMP-2 dosage, total length of hospital stay, and total length of intensive care unit (ICU) stay, was reviewed. Additionally, complication data was collected. Reoperation was defined as any unexpected surgery for the treatment of PJK and/or proximal junctional failure (PJF), pseudarthrosis, device failure, surgical site infection (SSI), or wound dehiscence. The reason for reoperation and the time to reoperation were also reviewed on subanalyses. PJK was defined as "proximal junctional sagittal Cobb angle between the lower endplate of the uppermost instrumented vertebra and the upper endplate of the two supra-adjacent vertebrae !10 and at least 10 greater than the preoperative measurement." 35 PJF, which required revision surgery, was separately analyzed. Distal device failure was defined as fractures or pull-out of devices in the L4-pelvis regions.
Radiographical Evaluation
Radiographical evaluation included measurement of pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), lumbar lordosis (LL) (defined as the angle formed between the superior end plate of L1 and superior endplate of S1), PI-LL mismatch, thoracic kyphosis (TK) (defined as the angle formed between the superior end plate of T5 and the inferior end plate of T12), sagittal vertical axis (SVA) (defined as the distance from the posterosuperior edge of the S1 to the C7 plumb-line), and Cobb angle of the coronal plane deformity. The above parameters were measured at the time of initial presentation and at last follow-up by 2 independent observers in a blinded fashion and the averages were calculated for each parameter. The fusion status was initially evaluated based on static radiographs with an assessment of bridging bone. If fusion status was unclear, computed tomography scans and/or flexion-extension dynamic radiographs were also obtained.
Pain and Functional Evaluations
To quantitate pain and functional outcomes, visual analogue scale (VAS) scores for back pain and ambulatory status (AS), which was rated on a 4-point scale (4, independently ambulatory; 3, requiring a cane; 2, requiring a walker; and 1, wheelchair bound), 36 were determined both preoperatively and postoperatively at last follow-up.
Statistical Analysis
Intergroup comparison of binary variables was achieved using Fisher's exact test. Intergroup comparison of continuous variables was conducted using unpaired t tests. For survival analyses on reoperation, Kaplan-Meier survival curves for each group were drawn and compared between the 2 groups by the log-rank test. As an exception, the time to reoperation due to SSI was analyzed using the Mantel-Haenszel test, since none of the patients in the S2AI group underwent reoperation due to SSI. Additionally, hazard ratios (HRs) were calculated, which were reported along with 95% confidence intervals (CIs). The perioperative changes in radiographical parameters were also analyzed using paired t tests. The interobserver reliability was calculated, using intraclass correlation coefficient. For the analyses on pain and functional outcomes, the perioperative comparisons for each group and intergroup comparisons were conducted using the Wilcoxon signed-rank test and the MannWhitney U test, respectively, as they were nonparametric continuous variables. Data is presented as means + standard deviations unless stated otherwise. All reported P values are 2-sided and P values <.05 were regarded as statistically significant. All statistical analyses were performed utilizing GraphPad Prism (version 6; GraphPad Software, Inc, La Jolla, CA, USA).
Results
Baseline Characteristics
No statistically significant differences were identified (Table 1) in age, sex, BMI, follow-up period, history of smoking, osteoporosis, osteopenia, preoperative diagnosis, or presenting symptoms between the IS group and the S2AI screw group.
Operative Data
As shown in Table 2 , there were no statistically significant differences between the 2 groups in terms of operative data. Of note, the techniques utilized in L5-S1 interbody fusion were not significantly different between the 2 groups (ALIF: 33.3% in the IS group vs 67.7% in the S2AI group, P ¼ .12). 
Complications
The summary of complications in each group is presented in Table 3 . With mean follow-up of 21.1 months, the overall reoperation rate was significantly lower in the S2AI group than in the IS group (21.7% vs 58.8%, P ¼ .01), but no significant difference was identified in the incidence of PJF requiring reoperation between the 2 groups (13.0% vs 29.4%, P ¼ .16 
Survival Analyses on Reoperation
The median time to any reoperation, reoperation due to PJF, and reoperation due to SSI were 4 months (range: 0. Figure 1 . The time to reoperation and reoperation due to SSI for patients receiving ISs was significantly shorter than that for patients receiving S2AI screws (P ¼ .001 and P < .001, respectively). Also, there was a trend toward shorter time to reoperation due to PJF in the IS group (P ¼ .08). Use of ISs was significantly associated with early reoperation and early reoperation due to SSI, with HRs of 3.8 (95% CI ¼ 2.1-18.2; P ¼ .001) and 52.5 (95% CI ¼ 5.5-502.7; P < .001), respectively.
Radiographical Outcomes
As shown in Table 4 , Cobb angle, PI-LL, TK, and LL were significantly improved postoperatively in both groups. The perioperative changes in PI were only significant in the S2AI group (63.4 + 12.3 vs 57.4 + 9.6, P ¼ .001). In intergroup comparisons, there were no statistically significant differences in any of the perioperative parameters other than preoperative SS, postoperative PT and the changes in PI. In the IS group, PI increased by 2.9 + 6.7, whereas in the S2AI group, PI decreased by -6.0 + 12.5, and these changes were significantly different between the 2 groups (P ¼ .008). The perioperative changes in SS and PT were not statistically significant in either of the 2 groups. The IS group demonstrated a trend toward larger change in LL than the S2AI group (14.3 + 13.7 vs 6.7 + 18.9, P ¼ .06). Abbreviations: IS, iliac screw; S2AI, S2-alar-iliac; UIV, uppermost instrumented vertebra; EBL, estimated blood loss; ALIF, anterior lumbar interbody fusion; PLIF, posterior lumbar interbody fusion; TLIF, transforaminal lumbar interbody fusion; UIVþ1, the supra-adjacent level of UIV; BMP-2, bone morphogenetic protein-2; ICU, intensive care unit. 
Pain and Functional Outcomes
In terms of VAS back pain and AS, there were statistically significant improvements in both groups (Table 5 ), but no differences between S2AI and IS screws. Preoperative AS in the IS group was lower than in the S2AI group with statistical significance (2.6 + 0.8 vs 3.2 + 0.8, P ¼ .01), and there remained a trend toward improved AS in the S2AI group at final follow-up.
Discussion
To the best of our knowledge, this is the first study to compare the IS technique with the S2AI technique particularly in adult spinal deformity patients with special attention to reoperation and radiographical parameters. Of note, the S2AI technique demonstrated lower rates of overall reoperation and reoperation due to SSI, a similar rate of PJK, longer time to reoperation, and a trend toward longer time to reoperation due to PJF. Furthermore, interestingly, the S2AI technique resulted in a significant reduction in PI compared with the IS technique. First, the overall reoperation rate was significantly lower in the S2AI group than in the IS group. It is noteworthy that with further stratification and analysis, 5 out of 10 cases of reoperation in the IS group and 6 out of 10 cases in the S2AI group were due to PJK/PJF, which is often considered somewhat unavoidable in a percentage of patients undergoing sagittal plane deformity correction surgery. If those patients are subtracted, the reoperation rate would be 8.7% for the S2AI group versus 29.4% (P ¼ .009) for the IS group, and the majority of reoperations in the IS group were attributable to SSI. Since the decision making in performing revision surgery for PJK/PJF is oftentimes subjective, we additionally demonstrated that the incidence of surgical site infection (2.2% vs 23.5%, P ¼ .02) and reoperation due to severe surgical site infection (0% vs 23.5%, P < .01), both of which are comparatively objective, was less frequent in the S2AI group than in the IS group. This is compatible with previous data published by Mazur et al, 27 where a decreased reoperation rate of 8.6% for S2AI screws (vs 35% for ISs) was reported, and Ilyas et al, 28 who reported that the S2AI technique showed an absolute risk reduction of 13.0% in acute infection over the IS technique. Our additional analyses on time to reoperation revealed that the benefit of lower rates of reoperation and SSI could be observed in a time-dependent manner as well. In other words, patients receiving ISs tended to undergo more reoperations in the earlier postoperative stages.
It is also interesting that although the incidence of PJK was similar between the 2 groups with the mean follow-up period of 21.1 months, the Kaplan-Meier survival analysis on reoperation due to PJF demonstrated a trend toward earlier revision surgery in the IS group (P ¼ .08). This indicated the potential Figure 1 . The Kaplan-Meier survival curves for any reoperation (A), reoperation due to proximal junctional failure (B), and reoperation due to surgical site infection. Data is presented with hazard ratios plus 95% confidence intervals.
influence of pelvic fixation methods on PJK/PJF. Although the exact mechanism is unclear, distal fixation has previously been shown to impact the rate of PJK. For instance, Yagi et al 9 found that fusion to the sacrum was significantly associated with PJK in a retrospective review of 76 patients, as well as in a prior retrospective review. 43 Interestingly, Mummaneni et al 17 recently tested the hypothesis that minimally invasive percutaneous posterior instrumentation for adult spinal deformities could reduce the risk of PJK, as it could prevent disruption of the posterior elements of spine. Although no significant differences were observed, this concept could potentially be applied to pelvic fixation, since it has already been shown that percutaneous pelvic fixation is also feasible for this approach. 24, 44 In addition to these factors, a wide variety of factors have been demonstrated to be associated with PJK/PJF, such as overcorrection of thoracic kyphotic deformities 5, 6 or LL, 7 combined anterior and posterior spinal fusion, 8 fusion to the sacrum, 9 and selection of the UIV. 2 In our study, it was impossible to factor in all of the aforementioned variables due to the limited number of patients. Moreover, the median follow-up period of patients included in this study was not enough in order for us to detect PJK/PJF in the long-term, which may have biased the results. Because of these limitations, it was difficult to draw strong conclusions from our study as it relates to PJK/PJF. Future prospective, comparative studies which focus on risk factors for PJK with pelvic fixation, may be necessary to more definitively clarify this issue.
Of note, an overall L5-S1 fusion rate of 95.2% was noted, which was compatible with prior studies. For instance, Annis et al 19 reported an L5-S1 fusion rate of 97% with low-dose BMP-2 and pelvic fixation with or without L5-S1 interbody fusion, whereas Tsuchiya et al 45 described use of IS in highgrade spondylolisthesis with an L5-S1 fusion rate of 92.5% at 5-year follow-up. Intriguingly, the influence of pelvic fixation on changes in spinopelvic parameters has recently been investigated. PI is considered a constant parameter in the absence of pelvic fractures or sacropelvic tumor resection, but Lee et al 37 recently published intriguing data, reporting that in adult sagittal deformity correction, PI in those who underwent sacropelvic fixation with ISs increased by 5.9 , whereas PI in those without pelvic fixation increased by 11.4 , and these increases were significantly different between the 2 groups. Based on our results, PI in the S2AI group decreased by 6.0 with statistical significance, while PI in the IS group increased by 2.9
, although it did not reach statistical significance. Hence, it can be speculated that S2AI screws may prevent the postoperative increase in PI, compared with ISs or fixation without any pelvic screws. If SS and PT were analyzed separately, perioperative changes in the 2 groups were not statistically significant in either of the parameters, presumably due to the small sample size, but it would be of great interest to discover which one of them had a greater contribution to the change in PI, and if it is reproducible in future prospective studies.
Theoretically, there are several key differences in biomechanics between the IS technique and the S2AI technique. First, the screw insertion point is more medial and deeper in the S2AI technique. 30, 33 Second, the angle of screw trajectory in the IS group is usually between 20 to 45 caudal and 30 to 45 degrees lateral, whereas in the S2AI group, the trajectory is 20 to 30 degrees caudal and 40 to 50 lateral. 34 Additionally, S2AI screws can purchase tricortical layers, namely, bicortical layers of the sacrum and a monocortical layer of ilium, whereas ISs typically have mono-or bicortical purchase of ilium.
The change in PI may be due to motion at the sacroiliac joints. According to cadaveric data, 60% of S2AI screws violated the sacroiliac joints. 33 Slight modification of the alignment of the sacroiliac joints during S2AI screw placement could potentially affect PI. Additionally, following a longsegment fusion, the mechanisms for compensatory motion in the lumbosacral spine are eliminated, leaving motion only at the sacroiliac joint. Degeneration or disruption of sacroiliac joints may affect postoperative PI over the long term, especially if there is screw loosening. 37, 38, 46 Although PI is felt to be a constant value, this remains true only if the relationship between the sacrum and pelvis remains constant. 39 Although postoperative sacroiliac joint motion is controversial, the sacroiliac joint is susceptible to shear forces, with components of both rotation and translation, 40, 41 and hypermobility of the sacroiliac joint has been reported following fusion to the sacrum. 42 Perioperative changes in spinopelvic parameters are a complicated biological phenomenon in vivo, which are challenging to test in cadavers or biomechanically. However, this result provides some insight into how spinal alignment may be affected by instrumentation and how it is translated into clinical outcomes, though further prospective study is warranted.
Additional limitations of this study include the fact that the data was obtained from a single-center in a retrospective manner with relatively small sample size. Additional bias may also be introduced due to temporal differences in treatment selection as well as asymmetry in the number of patients in the two groups. This asymmetry was primarily due to our treatment selection process, where S2AI screws and ISs were equally selected based on surgeons' preference from October 2010 to December 2013, but S2AIs were preferentially utilized from January 2014 to February 2015, since we were aware of the improved clinical outcomes via the S2AI technique. For instance, as IS screws were mainly used earlier in the study period, and there may be improvement in overall deformity surgery technique over time, which may benefit the S2AI group, although our subsequent analysis revealed that if we compared patients operated on before January, 2014 in the S2AI group with after January, 2014, there were no intergroup differences in the overall reoperation rate, reoperation rates due to SSI or PJF, which essentially means the aforementioned potential bias was not that influential. As such, the outcomes of this study should be interpreted carefully and there is a substantial need for prospective, multi-center, randomized studies to further clarify the differences in clinical outcomes and perioperative changes in radiographical parameters between the two groups.
Conclusions
Compared with the IS technique, the S2AI technique demonstrated lower rates of overall reoperation and reoperation due to SSI, a similar rate of PJK/PJF, longer time to reoperation, and possible reduction in PI. Future studies may be warranted to clarify the mechanism of these results and how they can be translated into improved patient care.
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